Abstract--In alkaline media and at 70~ dilute suspensions of ferrihydrite transformed to goethite between pH 11.2 and 14 and to a mixture of goethite and hematite above and below this pH range. Increasing the temperature of the transformation or the concentration of the suspension reduced the pH range in which goethite alone formed. The morphology of goethite was chiefly a fimction of the pH of the system. Acicular crystals formed at all pHs and exclusively above pH 12.2. Epitaxial twinned crystals predominated at pHs below 11, and twins free from hematite formed at higher pHs. Increasing the suspension concentration, ionic strength, or temperature extended the pH range over which twinned crystals formed. Electron micrographs showed that twins formed mainly during the initial stage of the transformation, whereas acicular crystals formed over a longer period. Thus, the twins appeared to nucleate in the ferrihydrite; nucleation of acicular particles took place in solution.
INTRODUCTION
Goethite and hematite form from ferrihydrite by two competing mechanisms, dissolution/reprecipitation and aggregation, respectively (Feitknecht and Michaelis, 1962; Schwertmann and Fischer, 1966; Fischer and Schwertmann, 1975; Schwertmann and Murad, 1983) . One of the main variables that determines which mechanism predominates is pH. Above pH 8 dissolution of ferrihydrite becomes more important with rising pH, until above pH 12 goethite is usually the sole reaction product. The pH at which hematite ceases to form has been reported to be between pH 10 and 12 (Atkinson et al., 1968; C0rnell and Schwertmann, 1979; Schwertmann and Murad, 1983) . These different values are probably related to variations in temperature of transformation or suspension concentration (Schwertmann and Fischer, 1966; Johnson and Lewis, 1983) .
Hematite grown from ferrihydrite usually forms hexagonal platelets, whereas goethite forms twinned and acicular crystals. Twinned crystals are always associated with acicular crystals and are usually much larger than the latter. In general, mixtures of twinned and acicular crystals precipitate at lower pHs, whereas twinfree preparations form above pH 12. Atkinson et al. (1968) described the different types of goethite twins and suggested that they form from a nucleus of hematite. Apart from this report, however, little information is available about twin formation.
In the present work, the influence of temperature, ionic strength, and suspension concentration on the rate and products of the transformation of ferrihydrite is considered. These variables were chosen because they are expected to influence aggregation of ferrihydrite and, hence, hematite and, perhaps, twin formation. To establish in more detail the conditions under which different types of twinned crystals may be produced, two specific questions have been addressed: (1) is nucleation of the twinned crystals and the acicular particles simultaneous or do twins form first; and (2) do the twins form in the ferrihydrite or do they nucleate, like the acicular particles, in solution?
MATERIALS AND METHODS
Transformation studies were carried out using suspensions containing ~0.I g ferrihydrite/100 ml (10 mmole Fe/liter). The ferdhydrite was precipitated from ferric nitrate solution (0.1 M) at pH 7 and the pH raised at once to between 9.5 and 13.5. In some experiments, sufficient KOH was added to give a final [OH-] of 1-6 M. The suspensions were held in dosed polypropylene bottles and generally aged, without agitation, at 70~ for 24 hr. To test the effect of increased ionic strength, some experiments were carried out in 5 M NaNO3. Several transformations were also carried out at 90~ The effect of suspension concentration was investigated by varying the amount offerrihydrite from 0.1 to 10 g/100 ml (10 to 1000 mmole Fe/liter).
The kinetics of the transformation was followed by taking subsamples from the suspension during an experiment. The unconverted ferrihydrite was dissolved by shaking the subsamples with a pH 3 mixture of 0.2 M oxalic acid and 0.2 M ammonium oxalate for 2 hr in the dark (Schwertmann, 1964) . The suspensions were filtered and the iron in solution determined by atomic absorption spectroscopy (AAS). The extent of the transformation was expressed as the ratio FedFe~, where Feo is the oxalate-soluble material (i,e., ferrihydrite remaining) and Fe~ is the total Fe content. After the transformation was complete, the crystalline product was dried at 500C and X-ray powder diffraction patterns were obtained using a Guinier-Enraf camera (MK.IV) with FeKa~ radiation. The proportions of goethite and hematite in the product were estimated by comparison with a series of standards made by mixing known amounts of synthetic goethite and hematite. The (110) and (111) peaks of goethite and the (102) peak of hematite were used for comparison. Transmission electron micrographs (Hitachi HU-12A electron microscope) were obtained after dispersing the solid sample in twice distilled water and evaporating Table 1 . Effect of increased temperature, suspension concentration, and ionic strength on the proportions of product goethite (G) and hematite (Hm). a drop of the suspension to dryness on a carbon coated copper grid. Replicas were made by evaporating carbon and shadowing with chromium, followed by dissolving the oxide from the carbon coat with 1 M HF/HC1.
RESULTS

Reaction products
Effect ofpH. Over the pH range 9.5-11.2, the amount of hematite in the product decreased with increasing pH; between pH 11.2 and 14 only goethite formed (Figure 1 ). At pH > 14, hematite formed as well as goethite. The amount of hematite in the product rose with increasing hydroxyl ion concentration to 95% at [OH-] = 6 M. These results refer to standard conditions of 70~ and 0.1 g ferrihydrite/100 ml.
Effect of ionic strength, suspension concentration, and temperature. Increasing the ionic strength to 5 M led to a slight increase of hematite in the product below pH 11 (Table 1 ) and retarded the transformation of ferrihydrite, i.e., at pH 10.6, only 80% of the fenfihy- drite had transformed after 24 hr. At higher pH, the presence of 5 M salt in the system did not influence the amount of hematite that formed.
By increasing the suspension concentration 10-or 50-fold, small amounts of hematite (< 10%) were induced to form up to pH 13. Above this pH, only goethite formed. Raising the temperature to 90~ shifted curve A in Figure 1 to the right (curve B). Similar results were reported by Schwertmann and Fischer (1966) . Higher temperatures also enhanced the effect of other variables. When the transformation was carried out at 90"C instead of 70~ increasing either suspension concentration or ionic strength markedly favored the formation of hematite.
Kinetics of transformation
The rate of transformation of ferrihydrite was measured over the pH range 11-15 ( Figure 2 ). All rate curves were sigrnoidal with an induction period that corresponded to the time during which nuclei of goethite or hematite formed. Table 2 shows that the induction time and the time for conversion of half the ferrihydrite (t,/) decreased to some extent with rising pH to pH 12, but increased with rising ionic strength and suspension concentration.
Below pH 13.75, 95% transformation took place in the first 24 hr. Above this pH, however, the rate of reaction fell abruptly, and both the induction time and t,/2 lengthened with rising hydroxyl ion concentration (Table 2) . Seeding a 4 M [OH-] suspension with 12% goethite reduced the induction period and t,/~ ( Figure  2B ) indicating that at very high hydroxyl ion concentrations, the nucleation of goethite was hindered (see Figure 2C ).
Electron microscopy
Hematite morphology. Between pH 10 and 11, hematite formed as irregular hexagonal plates with diameters ranging from 1000 to 3000 A. The regularity of the crystals improved when the temperature was raised to 90~ Hematite grown in 5 M NaNO3 was rather distorted (Figure 3a ). At pH > 14 hematite was present as plates 2-3 tzm in diameter ( Figure 3b ).
Goethite morphology. Between pH 10.1 and 12.2 twinned and acicular crystals coexisted, but above pH 12.2, twinned crystals were rare. The proportion of acicular crystals in the reaction product increased almost linearly from 10% at pH 10.1 (most of the remaining crystals were hematite plates) to 100% at pH 12.5. The proportion of twinned crystals varied from < 1% to a maximum of 25-35% between pH 10.8 and 11.2 and then gradually decreased to 6% at pH 12 and 0% at pH 12.3, Twinned goethites were of two kinds. Epitaxial twins consisted of a center of hematite on which goethite had nucleated (Figure 4a ). The central hematite nucleus was surrounded by as many as six wide (500-2000 A) arms of goethite of varying lengths. In some particles the space between these arms was filled with more goethite. Commonly several outgrowths of goethite nucleated one above the other on the same (110) face of hematite. Electron micrographs of replicas suggested that once the twinned crystal had formed, the goethite and hematite continued to grow simultaneously.
These epitaxial twins arose as a result of heterogeneous nucleation. They predominated in the pH region in which dissolution was just beginning to outweigh aggregation, but where supersaturation with respect to Figure 4 . Transmission electron micrographs of guethite. (a) Replicas of epitaxial twins, pH 11; (b) mixture of twin pieces (arrowed) and acicular crystals, pH 11.5; (c) dendritic twins (arrowed) together with acicular crystals and some twin pieces and stars, pH 11.5, 5 M NaNO3; (d) star-shaped twin and acicular crystals, pH 12.2, 1 g ferrihydrite/100 ml. goethite was low enough for goethite nucleation to be comparatively slow. Below pH 12, seeding a suspension with hematite enhanced the formation ofepitaxial twins, but above pH 12, where homogeneous nucleation occurred readily, it did not. A degree of structural match between goethite and the seed crystal was apparently required for epitaxial twins to form. Although goethite nucleated on hexagonal plates and on prismatic crystals of hematite (both of which possess (110) faces), no outgrowths of goethite formed on spherical hematite crystals.
The second type of goethite twin appeared to be unaccompanied by hematite. The twin plane was (021) (Atldnson et al., 1968) . Such twins occurred as twin pieces, dendritic type crystals, or stars. Twin pieces resembled wide acicular crystals as large as 1500 across ( Figure 4b) ; their electron diffraction patterns, however, were similar to those of the star-shaped twins (Cornell et al., 1983) . Dendritic crystals consisted of a wide central acicular crystal with 1-3 outgrowths (Figure 4c) . Star-shaped twins were composed of three acicular crystals rotated 120 ~ about a central point ( Figure  4d) .
The presence of different types of twinned crystals provides some indication of the conditions under which the transformation took place. Below pH 11, epitaxial twins were the main variety, whereas above this pH, twin pieces began to predominate. At higher pH and in concentrated suspensions, stars appeared. Dendritic crystals were comparatively rare in Fe(III) systems, although they predominated in Fe(II) systems.
Twin formation was influenced by three factors be-sides pH.
(1) Increasing the reaction temperature to 90~ caused a slight increase in twinning up to pH 12.4. Some hematite platelets also formed in these preparations, but they did not act as seeds for goethite nucleation. (2) Increasing the ionic strength to 5 M encouraged twinning up to pH 13.2. The twins were mainly twin pieces or the dendritic type. The crystals contained intergrowths (Figure 4c ). At pH 12.4 a combination of high ionic strength and a temperature of 90~ led to a mixture of hematite plates, dendritic twins, and fewer acicular crystals. Under similar conditions at pH 13.5, the pH appeared to be high enough to suppress hematite and almost completely to prevent twin formation. The product consisted ofacicular crystals with many intergrowths. (3) At about pH 12-12.5, the borderline region for twinning under standard conditions, a tenfold increase in suspension concentration led to a 30% increase in twinning--mainly of epitaxial twins and some stars. At pH 13, only acicular crystals formed. Increasing the suspension concentration by from 50-to 100-fold encouraged twin formation up to pH 14. A large proportion o f star-shaped twins formed. This type of twin formed in quantity only if the concentration of the suspension was high. The stars showed numerous extinction contours and intergrowths (Figure 4d) . The acicular crystals that also formed from very concentrated suspensions (10 g ferrihydrite/100 ml) were short and very thin. If both temperature and suspension concentration were increased, the proportion of hematite and the number of twins increased at all pHs, and both hematite and twins formed at higher pHs than they did under standard conditions. Electron micrographs of subsamples taken during the initial stages of a transformation at pH 11.8 provided information about the growth ofgoethite. At this pH, the end product was a mixture of twinned and acicular goethite. The induction period lasted 60 min, and a sample taken after the first 30 min appeared to consist almost entirely of ferrihydrite (Figure 5a ). Directly after the induction period, however, well-developed crystals, both twins and acicular crystals, were observed (Figure 5b ). The twins made up 30-50% o f the crystals in the samples taken during the early stages of the transformation, but in the fmai product they accounted for no more than 16% of the total. In the initial stages, the twins grew rapidly from an average diameter of 1000/~ at ~ 1% transformation to 30001~ after 5% reaction. After 70 rain of reaction some of the acicular crystals were 300-2000/~ long and as much as 300 .~ wide. The final lengths of the acicular crystals were between 1000 and 6000/~ (Figure 5c ). The elec- tron micrographs indicate that twinned and acicular crystals formed simultaneously at the beginning of the transformation. They also suggest that formation of twins was largely confined to the initial stages of the reaction, whereas nucleation and growth of acicular crystals continued over a longer period.
An example of typical acicular goethite crystals, elongated in the c-axis direction is given in Figure 6a . In all preparations the size distributions were wide, with lengths ranging from 500 to 5000/~. Under favorable growth conditions, development took place in the b as well as the c direction and led to wider crystals. The ratio widthave: length,v~ is a useful parameter for identifying the pH regions of favorable growth. Below pH 12, this ratio was -<0.1, whereas in the pH range 12-13.5, the acicular crystals were wider with width: length >-0.2.
A preparation of fairly uniform acicular crystals was produced by aging a solution of ferric nitrate with OH: Fe = 0.5 at room temperature for 48 hr and then raising the pH to 12.5 (cir. Atkinson et aL, 1968) . The crystals had an average length of 600 A and an average width of 200/~. With this method of preparation, goethite nuclei which are formed during the preaging period acted as seeds for growth during the second stage.
Intergrowths parallel to the c axis were present in crystals grown in the pH range 13-13.5 (Figure 6b ), but for standard systems, intergrowths were rare in crystals grown at other pHs. Intergrowths probably arose by secondary nucleation on the (010) faces of the crystals and can be attributed to the high supersaturation of the system. High levels of anionic impurities also seem to favor intergrowths. Increasing the ionic strength with NaNO3 encouraged intergrowth formation at all pHs. High ionic strength also led to crystals with surface irregularities, many extinction contours, and ragged ends which suggest that the anion may have been adsorbed. Increasing either temperature or suspension concentration did not affect intergrowth formation.
Morphology of goethite crystals formed at [OH-] = 2 '
5 M. Acicular crystals predominated at [OH-] = 2-5 M, although an epitaxial twin consisting of thin acicular outgrowths that had nucleated on a large hematite center was noted (Figure 7a) . Most of the acicular crystals had lengths of 3000-30,000/k and widths of 500-3000 /~ (Figure 7b ). The preferential growth in the c direction indicates that formation of goethite in these systems was not favored. These crystals contained many extinction contours but were free from intergrowths. After partial dissolution they developed a sawtooth appearance which suggests the presence of numerous structural defects (Figure 7c) . A few long, thin, flexible crystals, rather like hairs, with width:length <0.01 were also observed (Figure 7b) .
The transformation of ferrihydrite at [OH-] -~ 5 M was followed in the electron microscope by examining subsamples taken during the reaction. In this experiment, the induction time was > 100 hr, and the end product contained both goethite and hematite. After 5% transformation, both hematite and well-formed acicular goethite were present (Figure 8a ). The hematite plates were large with diameters of 2.6 #m, in contrast to those formed at pH 10 which were seldom larger than 3000 A. The acicular crystals were as much as 5000 A long and 1600 ,~ wide. Some star-shaped and dendritic twins were also present. Electron micrographs taken after 15% reaction were similar to those obtained from the first subsample (Figure 8b ). It is noteworthy that the hematite plates were larger than the twinned crystals, whereas the reverse was true at lower pH. As with the transformation at p H 1 t.8, the formation of twinned crystals appeared to be limited to the early stage of the reaction, and subsamples taken at 65% and 100% transformation consisted mainly of acicular crystals (Figure 8c) . The average length of these acicular crystals was greater at the end than during the initial stages of the reaction, and individual crystals were much longer than any of those observed at the beginning of the reaction. As estimated by X-ray powder diffraction techniques, hematite made up about 25% by weight of the final product, but was present as a few very large crystals; hence, if the proportion is expressed in terms of the numbers of crystals, as in the micrographs, the amount of hematite appears to be much less.
DISCUSSION
The increased predominance of goethite over hematite with rising pH was probably due to the increased solubility of ferrihydrite and, hence, the higher supersaturation of the system with respect to goethite. Above pH 14, however, hematite reappeared in the product either because hematite was favored at high pH, or because the formation of goethite was somehow hindered.
Seeding experiments showed that addition of goethite to suspensions with high hydroxyl ion concentration reduced the induction time. This result, together with the preferential development of the crystals in the c direction, indicates that nucleation and growth of goethite in such systems was retarded. This retardation was probably due to a decrease in the amount of a suitable species for goethite formation at very high pH. In alkaline media, goethite formation is favored by monovalent Fe(OH)4- (Lewis and Schwertmann, 1980) , but at very high pH di-or trivalent species (Fe(OH)52-or Fe(OH)63-) are believed to predominate (Schwertmann and Murad, 1983; Cotton and Wilkinson, 1980) . Difficulties in accommodating a highly charged, negative ferric species at the surface of the growing crystal probably account for the retardation of goethite formation.
Equilibrium constants for Fe(OH)s 2-and Fe(OH)63-do not appear to have been determined, hence, the pH at which these more highly charged species replaced the monovalent ion as the predominant species in solution cannot be calculated. The abrupt decrease in rate of transformation at about pH 14, however, suggests that the changeover took place in this pH region.
Kinetic studies and the size of the crystals indicate that hematite formation was also retarded at high pH, although not to the same extent as for goethite. This behavior is in line with the results of Torrent and Guzman (1982) who showed that lowering the water activity retarded the transformation of ferrihydrite to goethite and hematite.
Formation of twinned crystals
In general, twinned crystals formed together with hematite or in the pH 11-12 region just above that in which hematite ceased to form. Kinetic studies and electron microscope observations suggest that twin formation was limited to the induction period of the transformation, i.e., the stage preceding the rapid conversion of ferrihydrite to goethite. Above pH 12, the induction period was very short and twins were rare. Twins only formed above pH 12 when the induction period was extended in some way, for example, by using a more concentrated suspension wherein the conversion rate was reduced. With very concentrated suspensions, the induction period was extended to several hours, and twins were formed up to pH 14. Higher temperatures, on the other hand, should have promoted dehydration and thus enhanced the formation of hematite rather than twins, as was noted.
Thus, although acicular crystals nucleated in solution, twins without hematite nucleated in the ferrihydrite. Here it was not essential that the twin grew from a minute nucleus of hematite as suggested by Atkinson et al. (1968) . All that was required was an ordered region, a few unit cells across, in the ferrihydrite. The hexagonal arrangement of anion packing permitted growth from this ordered region in three different directions and thus led to twinning. At low pH the ordered region transformed to hematite, whereas at higher pH and higher supersaturation levels the ordered region probably acted as a seed for goethite growth by a mechanism similar to that for acicular crystals. In certain circumstances (e.g., at high ionic strength), secondary nucleation probably took place on the (021) faces of a parent twin piece, giving rise to a dendritic crystal.
Size of twinned crystals
Acicular crystals and twins commonly reached comparable dimensions in the C direction, but twins, nevertheless, were usually much larger than the acicular crys- tals with which they were associated. The larger size of the twins is in part due to the fact that the twins consisted of several acicular crystals radiating from a central point, and thus had a large diameter. The arms of the twins, however, also showed more extensive development in the b direction, indicative of more favorable growth conditions. Such favored growth could have arisen from the fact that twin nuclei were never as numerous as those of acicular crystals and that their position in the gel may have ensured a high local concentration of growth species. It is of interest that twinned and acicular crystals of akaganeite (fl-FeOOH) have similar dimensions and both types nucleate and grow in solution (cf. Murad, 1979) .
Alternatively, the size of the nucleus may have been responsible. Epitaxial twins, in particular, grew on a hematite substrate that was considerably larger than the nucleus of an acicular crystal. As the (010) face of goethite joined the (110) face of hematite (commonly several hundreds of/~mgstrom units in length), a wide outgrowth ofgoethite resulted. In certain products the difference in the sizes of the twins and the acicular crystals may have reflected two distinct stages of nucleation and growth. Lewis and Schwertmann (1980) showed that as the ferrilaydrite transforms into goethite, the surface area of the solid in the system falls (from >200 m2/g to < 100 m2/g) and as much as 25% of the originally adsorbed OH-is desorbed during the reaction. In concentrated suspensions this desorbtion could have led to a marked rise in pH followed by increased dissolution of the ferrihydrite, a sudden increase in supersaturation, and, as a result, precipitation of a second batch of much smaller crystals. A mixture of large star-shaped twins and many tiny acicular crystals corresponding to this situation was noted for very concentrated suspensions.
Soil goethites usually exist as small irregular particles whose shape has been attributed to the presence in the soil of various compounds that interfere with crystal growth (Schwertmann, 1984) . The present experiments provide further evidence that foreign species can modify goethite morphology. High levels of salt cause twinned crystals to form, and small, negatively charged, adsorbing species that retard crystal growth can lead to long fibrous crystals ofgoethite similar to those found recently in a variety of soils (Nakai and Yoshinaga, 1980; Fordham et al., 1984) .
